To overcome the obstacle of low energy density, one of the most intensive approaches is the development of new materials for supercapacitor electrodes. Most explored materials today are carbon particle materials, which have high surface areas for charge storage. But in spite of these large specific surface areas, the charges physically stored on the carbon particles in porous electrode layers are unfortunately limited. Regarding advanced supercapacitor electrodes, metal oxides are considered the most promising material for the next generation of supercapacitors owing to their unique physical and chemical properties. In this chapter, the rational design and fabrication of metal oxide nanostructures for supercapacitor applications are addressed.
Introduction
In recent years, supercapacitors (or ultracapacitors) have attracted significant attention as a versatile solution to meet the increasing demands of energy storage because of their fast power energy delivery, long lifecycle, high power density and reasonably high energy density which are able to fill in the gap between the batteries and the conventional capacitors [1] [2] [3] .
The comparison of specific power and specific energy for different electrical energy storage devices is shown in the Ragone plot (Figure 1) [4] . The data illustrate that supercapacitors are able to store more energy than conventional capacitors and deliver more power than batteries. Owing to the different energy storage mechanism from conventional capacitors, the specific energy of supercapacitors can be thousands of times higher than it of conventional capacitors by forming an electric double layer at the interface of the electrode and electrolyte to store energy [5] . Thus, the high surface area of the electrode can be adequately utilized to collect amounts of positively and negatively charged ions from electrolyte when storing energy. On the other hand, as is well-known, rechargeable batteries mainly depend on chemical reactions to charge and discharge which significantly restrict their lifetime [6] . Compared to batteries, the energy storage process of supercapacitors is based on electrostatic storage in the electrical double layer and reversible faradaic redox reactions by means of electron charge transfer on the surface of electrode. Thus, supercapacitors are expected to have a capability of faster charge-discharge under high current and a longer cycle life than batteries because no or negligibly few chemical reactions are involved [7] .
Even though major progress has been yielded in the theoretical and practical research and development of supercapacitors, few disadvantages of supercapacitors, including low energy density and high production cost, have been identified as major challenges for the furtherance of supercapacitors technologies [8] .
To overcome the obstacle of low energy density, one of the most intensive approaches is the development of new materials for supercapacitor electrodes. Most explored materials today are carbon particle-based materials, which have high surface areas for charge storage [3] . But in spite of these large specific surface areas, the charges physically stored on the carbon particles in porous electrode layers unfortunately limiting their electrochemical properties. Supercapacitors of this kind, called electrical double-layer supercapacitors (EDLS), have a limited specific capacitance and relative low energy density [9] . Supercapacitors with electrochemically active materials (polymers and metal oxides) as electrodes involving fast and reversible faradaic reactions on electrodes are called faradaic supercapacitors (FS) . It has been demonstrated that faradaic or hybrid double-layer supercapacitors can yield much higher specific capacitance and energy density. Thus, regarding advanced supercapacitor materials, metal oxides are considered the most promising materials for the next generation of supercapacitors [10] . [13] .
The capacitance of a metal oxide-based supercapacitor is determined by two storage principles, one is double-layer capacitance and another one is pseudocapacitance. The mechanism of double-layer capacitance is shown in Figure 2a , when capacitor charged, electrostatic storage achieved by separation of charge in a double layer at the interface between the surface of a conductive electrode and an electrolyte. As a result, mirror image of charge distribution of ions in opposite polarity, called double-layer, is formed. When capacitor discharged, ions return and distribute randomly in the electrolyte. For pseudocapacitance, it stores electrical energy electrochemically by means of reversible faradaic redox reactions on the surface of suitable electrode materials in an electrochemical capacitor with an electric double-layer [11] . It can be seen in Figure 2b , pseudocapacitance is accompanied with an electron charge-transfer between electrolyte and electrode coming from a de-solvated and adsorbed ion whereby only one electron per charge unit is participating. This faradaic charge transfer originates via a very fast sequence of reversible redox, electrosorption or intercalation processes. The adsorbed ion has no chemical reaction with the atoms of the electrode. No chemical bonds arise, and only a charge-transfer takes place [12] . Even though both double-layer capacitance and pseudocapacitance contribute indivisibly to the total capacitance of metal oxide supercapacitors, the latter can be 10-100 times higher than the former.
In general, metal oxide-based supercapacitors are able to possess higher specific capacitance and energy density than carbon materials and conducting polymer materials [14] . A series of metal oxides with high theoretical performances has been studied, such as RuO [15] lists the theoretical capacitance of some typical metal oxides as well as the charge storage reactions. However, the practical supercpacitive properties of these metal oxides are far behind their theoretical values due to their low conductivities, poor long-term stability, low surface areas and porosity.
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Conductivity (S cm −1 ) In this chapter, several important factors affecting the electrochemical properties of metal oxide-based electrodes are discussed firstly. Then various methods to fabricate nanostructured metal oxide electrode are summarized. Finally, advanced metal oxide-carbon composite electrodes are further described.
Factors affecting the performance of metal oxide-based electrodes

Crystallinity
The degree of crystallinity is one of pivotal factors affecting the pseudocapacitance of metal oxide materials. In general, an amorphous structure exhibits superior electrochemical performance than a well-crystallized structure due to the former can make the fast, continuous and reversible faradaic reaction take place not only on the surface but also inside of metal oxide particles [16] . This is because the amorphous structure with a highly porous morphology is benefit for ion accessibility and cation diffusion. In addition, these porous structures also result in a higher specific surface area which can support more redox reactions to enhance the specific capacitance. Nevertheless, it is well-known that the poorly crystallized metal oxide simultaneously leads to a lower electrical conductivity limiting its pseudocapacitance. Thus, it is necessary and a great challenge to explore the appropriate crystallinity with optimal conductivity and ionic transport.
One method is to improve the electric conductivity of the amorphous metal oxide. It has been reported that annealing can significantly affect the electrical conductivity. For example, in [17] , MnOx annealed at 200°C exhibited a higher specific capacitance at high scan rate than those without treated. Another effective approach is to optimize the structure of crystallized metal oxide in order to provide appropriate tunnels for the intercalation of cations.
Crystal structure
The crystal structure has a significant influence on the pseudocapacitance of metal oxide because it plays a crucial role in determining the cations intercalation. For instance, crystallized manganese oxide has different crystalline structures, including α-, β-, γ-, δ-and λ-MnO 2 shown in Figure 3 [18] . It can be seen thatα-MnO 2 forms 1D (2 × 2) and (1 × 1) tunnels; β-MnO 2 forms a 1D (1 × 1) tunnel; γ-MnO 2 is consist of 1D (1 × 2) and (1 × 1) tunnels; δ-MnO 2 is a 2D layered structure; and λ-MnO 2 is a three-dimensional (3D) spinel structure, respectively [11, 19] . It is reported by Brousse et al. [20] that α-MnO 2 with a large tunnel size exhibited a relatively high specific capacitance of 110 F g −1 due to K + cations could easily insert the tunnels. On the contrary, β-MnO 2 with a narrow tunnel size which is smaller than K + cations inhibited the diffusion process and leaded to a low specific capaci- tance value of only 110 μF cm −2 . The result indicated that the limited performance was manly obtained on the surface of manganese oxide. Furthermore, the 2D δ-MnO 2 with an interlayer separation of around 0.7 nm also obtained good capacitance value of 236 F g −1 which could be contributed to the sufficiently large layer space for a high rate insertion/ extraction of K + cations.
Thus, the rational selection of crystal structures can effectively accelerate the charge storage process of metal oxide and improve its electrochemical properties.
Specific surface area
The pseuocapacitance of metal oxide depends on redox reactions which mainly take place on the surface area. Thus, the specific surface area is one of the most important factors for metal oxide-based supercapacitor applications. In general, the higher specific surface area can result in the higher the specific capacitance due to more active sites are capable of providing multiple redox reactions [21] .
Obviously, to explore the higher specific surface area is an effective approach to achieve better capacitive performance of metal oxide. Up to now, amounts of attempts have been made on metal oxides including decreasing the size of their particles, optimizing their morphologies and combining them with carbon materials which have high specific surface areas.
Morphology
The morphology of metal oxide is a crucial factor which closely relates to the specific surface area, the diffusion pathway, surface to volume ratios and therefore the supercapacitive performance. Thus, considerable efforts have been focused on various metal oxides with different morphologies such as nanowires, nanorods, nanotubes, nanoflowers, hollow spheres, nanopillar array and porous thin films.
Several morphologies of metal oxide and their supercapacitive performance are discussed in this part. The first morphology is one-dimensional nanostructured metal oxides which generally enhance the specific capacitance through offering short diffusion path lengths for both ions and electrons as well as a large specific surface area. Gao et al. [22] successfully synthesized Co 3 O 4 nanowires on nickel foam via template-free method shown in Figure 4a . The nanowires, with diameters around 250 nm and the lengths up to around 15 μm, displayed a maximum specific capacitance of 746 F g −1 at a current density of 5 mA cm −2 . In addition, Lu et al. [23] reported a slim (<20 nm) NiO nanorod structure (Figure 4b) had an ultrahigh specific capacitance of 2018 F g −1 (80% of the theoretical value) at a current density of 2.27 A g −1 and high power density of 1536 F g −1 at 22.7 A g −1 . Generally, the diameter plays an important role in one-dimensional nanostructure. The smaller diameter can offer larger specific surface area and more active sites leading to a better specific capacitance. It is also reported that the porous nanotube structure of MnO 2 could not only enhance the specific capacitance, but also improve the stability of electrode due to accommodating large volume charges during the charge-discharge cycle [24] . The second metal oxide structure should be noted is hollow spheres. Various metal oxides with hollow sphere morphologies have been successfully synthesized recently to pursue a high loosely mesoporous structure, large specific surface area and fast ion/electron transfer. For example, Yan et al. [25] fabricated hierarchically porous NiO hollow spheres composed of nanoflakes shown in Figure  4c with thicknesses of ∼10 nm via a powerful chemical bath deposition method. The specific capacitance of NiO hollow spheres can remain 346 F g −1 at 1 A g −1 after 2000 cycles indicating an excellent supercapacitive performance. Another example is [26] that Co 3 O 4 hollow spheres prepared by a facile carbonaceous microsphere templated synthesis as shown in Figure 4d . The as-obtained Co 3 O 4 hollow spheres are composed of nanoparticles and possess a high surface area of 60 m 2 g −1 owing to their mesoporous structure. Such a unique hollow-sphere architecture can greatly contributed to the comparatively high capacitance and excellent cycling stability. The third type of metal oxide morphology is three-dimensional porous structure. It can be seen in Figure 4e that 3D highly ordered nanoporous CuO with interconnected bimodal nanopores were fabricated by Moosavifard and coworkers [27] . This morphology offered a large specific surface area of 149 m 2 g −1 displayed an excellent specific capacitance of 431 F g −1 at 3.5 mA cm −2 due to the 3D porous structure providing facilitated ion transport, short ion and electron diffusion pathways and more active sites for electrochemical reactions. Moreover, 3D-nanonet hollow structured Co 3 O 4 , (e) 3D highly nanoporous CuO [27] ; and (f) 3D nanonet hollow structured Co 3 O 4 [28] .
shown in Figure 4f , exhibited a maximum specific capacitance of 820 F g −1 at a scan rate of 5 mV s −1 and remained 90.2% of its initial capacitance after 1000 cycles [28] . The above results have proven that three-dimensional porous structured metal oxide is promising for supercapacitor applications.
As mentioned above, the electrochemical properties of metal oxide-based supercapacitors are largely affected by the morphologies. The rational design of morphologies with high specific surface area and porous nanostructures is necessary for the development of metal oxide-based electrodes.
Conductivity
It is well-known that the electronic conductivity of electrode materials is a vital factor to affect their high performance in supercapacitor applications. Unfortunately, the electronic conductivity of metal oxide materials is generally poor which largely limits ion and electron transfer. When the charge/discharge rate increases, the low conductivity would result in the localized charge/discharge process in a limited volume near the current collector, leading to low specific capacitance and low rate capability. For example, due to the low electronic conductivity (∼10 −5 to 10 −6 S cm −1 ), the realistic specific capacitance of manganese oxide is usually up to 350 F g −1 far behind its theoretic value of 1370 F g −1 [15, 29] . The same condition also takes place on other metal oxide materials such as NiO, Co 3 O 4 and V 2 O 5 [30, 31] .
Thus, it is urgent to improve the conductivity of metal oxide in order to an ideal supercapacitive performance. One effective approach is doping metal elements into metal oxide and compositing metal oxide with high conductive carbon materials and conducting polymer.
Mass loading
The quantity of active materials loading on substrates can affect the specific capacitance, power and energy performance of metal oxide electrodes. On one hand, the large mass loading can cause longer transport paths for the diffusion of protons and an increase of thickness of metal oxide thin films resulting in lower electrical conductivity, limited access of electrolyte ions and higher series resistance. As a result, only partial active material on the surface of electrode film takes part in the charge storage leading to a lower specific capacitance of metal oxide. It is reported by Yang et al. [32] the specific capacitance of MnO 2 thin films decreased from 203 to 155 F g −1 when the mass loading increased from 6 to 18 mg cm −2 . On the other hand, a high mass loading is needed for high power and energy density, which thus makes the application of a light and durable supercapacitor possible [11] . Therefore, it is still a challenge for metal oxide to achieve both high mass loading and excellent specific capacitance.
Typical synthesis methods of metal oxide nanostructures
Nanostructured metal oxide materials have been intensively investigated due to their superior supercapacitive performance. The factors mentioned above are all related to the metal oxide fabrication processes and parameters. The main synthesis techniques exploited include hydrothermal, electrodeposition, sol-gel, microwave assisted as well as template assisted methods.
Hydrothermal method
Hydrothermal synthesis is well-known as one of the most outstanding approaches to prepare nanoparticles due to a serious of advantages such as fine powder (nanoscale), high purity, good dispersion, uniform, narrow distribution, without agglomeration, good crystal form and shape controllability. In a hydrothermal process, crystal grows by chemical reactions taking place at high temperature and pressure conditions in a sealed pressure vessel with water as solvent. Under hydrothermal conditions, water can act as a chemical component and participate in the reactions. Moreover, the solvent is not only a mineralizing agent but also a pressure medium. By the control of physical and chemical factors, the formation and modification of nanostructured metal oxide can be achieved. Up to now, hydrothermal method has been successfully used to synthesize metal oxide with various nanostructures, such as nanowires, nanorods, nanoflowers, nanospheres, nanosheets, nanotubes and so on.
Purushothaman and his group [33] successfully prepared NiO nanoparticles via the hydrothermal method, using SDS as a surfactant. The different temperatures (120, 140, 160 and 180°C) in hydrothermal processes have been studied to optimize the morphology and electrochemical properties of NiO. The high degree of phase purity of the NiO particles with nanosizes of 8-16 nm have been achieved under all selected temperatures. However, the morphologies and electrochemical properties were different. At 120 and 140°C, the assembly of nanosheets is slow and, hence, they probably assemble into microspheres under the assistance of a surfactant. A decrease in the surface tension with increasing preparation temperature results in weak electrostatic interaction. The reduced surface tension lowers the aggregation, enabling the formation of microspheres with well-resolved nanosheets at 160°C. The initial nucleation and growth rate will be faster at 180°C. The faster nucleation hinders the assembly of anion surfactant and cation, resulting in the formation of nanorod assembled thicker plates. In case of supercapacitance, the sample prepared at 120°C exhibited a specific capacitance of 871 F g −1 , while the value of sample formed at 140°C was 925 F g −1 . The maximum specific capacitance of 989 F g −1 was obtained at 160°C while the specific capacitance showed a reduced value of 496 F g −1 at 180°C. The formation of a nanosheet-like structure seem to have facilitated the ion exchange process by reducing the diffusion lengths for the electrolyte, yielding a superior redox process in the sample prepared at 160°C, which exhibited the best specific capacitance. The specific capacitance was lower at elevated temperatures (180°C) might because the crystallites of larger size were formed, and they limited the paths available for ion transport. Moreover, Xia et al. [34] synthesized hollow Co 3 O 4 nanowire arrays through a facile hydrothermal method. The Co 3 O 4 nanowires have an average diameter of 200 nm, and the hollow centers have a diameter of 25 nm. In addition, a hierarchically porous can be found in nanowires allowing easier electrolyte penetration. Such a novel structure with porous walls and hollow center possesses more sites for ions to enter and allows facile ion diffusion at high current density leading to superior specific capacitances of 599 F g −1 at a current density of 2 A g −1 and 439 F g −1 at 40 A g −1 .
Electrodeposition methods
Electrochemical deposition is a simple, fast, nonpolluting and facile technique, thus becomes one of most commonly used approaches to prepare metal oxide thin films. An electrochemical synthesis is achieved by a series of procedures that electron transfer between two or more electrodes separated by electrolyte making the occurrence of oxidation or reduction in the electrode-electrolyte interface which finally results in thin films deposited on electrode substrates. Electrochemical deposition can be divided into two different methods: anodic deposition and cathodic deposition. For example, Aghazadeh [35] prepared nanostructured Co 3 O 4 via a simple cathodic electrodeposition method. The porous Co 3 O 4 nanoplates displayed the average pore diameter and the surface area of 4.75 nm and 208.5 m 2 g −1 , respectively. A good specific capacitance as high as 393.6 F g −1 at the constant current density of 1 A g −1 and an excellent capacity retention (96.5% after 500 charge-discharge cycles) was obtained. Deng et al. [36] have reported that the nanoarchitectured CuO electrodes with a 3D hierarchically porous structure were prepared by an anodic electrodeposition method. An exceptionally large specific capacitance of 880 and 800 F g −1 was obtained at scan rates of 10 and 200 mV s −1 .
According to the different modes of external power supplying, three main electrochemical deposition techniques including potentiostatic, galvanostatic and pulse period methods have been used by researchers. These different deposition routes with different applied current, potential and time have a crucial impact on the surface morphologies and crystal structures of metal oxide thin films. For example, Lee et al. [37] electrodeposited manganese oxide using three different modes: constant potential (CP) at 1 V for 900 s, pulse potential (PP) at 1 and 0 V with 0.5 s/0.5 s on-off time for 10,000 s, and pulse reverse potential (PRP) at 1 V and −1 V with 0.5 s/0.5 s interval time for 10,000 s. The different deposition times are applied to obtain similar mass loading. The results demonstrated that the different electrodeposition methods have a significant influence on the morphologies of manganese oxide. A traditional bulk film composed of 100 nm particles was prepared by CP mode and exhibited relatively low specific capacitance of 184 F g −1 at a scan rate of 10 mV s −1 . In case of PP mode, nanostructured MnOx with porous flower petals morphology was obtained and showed a higher specific capacitance of 227.7 F g −1 . The highest specific capacitance of 448 F g −1 was achieved by PRP mode due to the formation of nanorods with the average diameter of 20 nm which can supply higher specific surface area and faster ion transfer.
Sol-gel method
The sol-gel technique also attracts significant attention for the synthesis of nanostructured metal oxides because it offers controllable purity, composition, homogeneity of the products. Kim et al. [38] have reported that NiO nanostructures with three distinct morphologies were fabricated by a sol-gel method. The nanoflower structure was created in hexamethylene tetramine (HMTA) solution, while the nanoslice (diameters of 300-530 nm) was prepared in ammonium hydroxide (NH 4 OH) solution. The smaller nanoparticles with a diameter of around 50 nm were obtained when the reaction process took place in a strong basic LiOH. In addition, their morphology-dependent supercapacitor properties were exploited. Compared to the nanoslice and nanoparticle-shaped NiO, the nanoflowershaped NiO showed the best supercapacitor properties (480 F g −1 at 0.5 A g −1 ) despite it having the lowest specific surface area. This is because that the flower-shaped nanostructure has the unique three-dimensional (3D) networks which can provide longer diffusion paths and the highest pore volume (0.66 cm 3 g −1 ) which offers advantages in contact with and transport of the electrolyte.
Yu and coworkers [39] successfully prepared the three-dimensional (3D) network mesoporous nanostructured α-MnO 2 (MN-α-MnO 2 ) powders using an inexpensive glucose-permanganate sol-gel method at room temperature and under ambient pressure. The MN-α-MnO 2 exhibited high specific surface areas (ca. 220 m 2 g −1 ) and narrow pore size distributions (5.6 nm) resulting in a good specific capacitance of 264 F g −1 after 1000 charge-discharge cycles.
Microwave-assisted method
Recently, microwave-assisted method has drawn large attention in the synthesis of oxide materials for supercapacitors application. Compared to conventional oil bath or hydrothermal heating, microwave heating can reduce the reaction time often by orders of magnitude, reduce the manufacturing cost and enhance product yield. An inverted temperature gradient takes place during the microwave-assisted process, and a rapid dielectric heating is generated internally within the material due to applied microwave radiation with a commonly used frequency of 0.3-2.45 GHz. Microwave-assisted synthesis has been adopted to prepare metal oxides with highly uniform nanostructures [40] [41] [42] .
For example, Zhang et al. [43] have successfully synthesized γ-MnO 2 nanoparticles and α-MnO 2 urchin-like nanostructures by the microwave-assisted reflux as short as 5 min under neutral and acidic conditions, respectively. The γ-MnO 2 nanoparticles showed a smaller particle size, a higher specific surface area and a larger pore volume than those of α-MnO 2 urchin-like nanostructures resulting in a higher capacitance of 311 F g −1 at a current density of 0.2 A g −1 . The specific capacitance retention and coulombic efficiency after 5000 cycles at 1 A g −1 were about 93% and almost 100% for γ-MnO 2 nanoparticles, respectively.
Cao and coworkers [44] prepared flower-like NiO hollow nanosphere precursors via an efficient gas/liquid interfacial microwave-assisted process and were then transformed to NiO by simple calcinations. The wall of the sphere is composed of twisted NiO nanosheets that intercalated with each other. Such hollow structure is different from widely reported flowerlike nanostructures with solid cores. These flower-like NiO hollow nanospheres have high surface area of 176 m 2 g −1 . Electrochemical properties show a high specific capacitance of 585 F g −1 at a discharge current of 5 A g −1 and excellent cycling stability.
Template-assisted method
Hard templates are those materials which are either used as scaffolds for the deposition or employed not only as shape defined templates, but also as chemical reagents that react with other chemicals to produce desired nanomaterials. In the development of various metal oxide nanostructures, the hard template method is widely used and coupled with other methods, such as electrochemical deposition, solvothermal/hydrothermal and sol-gel methods. There are quite a lot of hard templates have been used for the synthesis of metal oxide nanostructures, such as porous anodic aluminum oxide (AAO), polycarbonate membranes (PC), carbon spheres, porous carbon, SiO 2 spheres, mesoporous silica and naturally existing diatomite.
The anodic aluminum oxide (AAO) film is also one of the attractive templates since it possesses very regular and highly anisotropic porous structures with pore diameters ranging from below 10 to 200 nm, pore length from 1 to 50 mm and pore densities in the range of 109-1011 cm −2 [45] . The pores have been found to be uniform and nearly parallel, which is useful for the synthesis of one-dimensional metal oxide nanostructures, affording short ion diffusion paths and fast kinetics during the electrochemical reactions. Using AAO as the template, Dar et al. [46] synthesized NiO nanotubes via electrochemical deposition and nanorods after 25 min annealing at 450°C. Due to a suitable combination of nanocrystalline grain size and the high surface area akin to the tubular structure, NiO nanotube exhibits an excellent supercapacitive performance with a maximum specific capacitance of 2093 F g −1 which approaches the theoretical value of NiO (2584 F g −1 ). In contrast, the NiO nanorod structure is characterized by lower performance (797 F g −1 ). Furthermore, both NiO nanotube and nanorod show high stabilities with almost no alteration to performance after 500 cycles at high current densities of 125 and 80 A g −1 . It has also been reported by Xu et al. [47] that Co 3 O 4 nanotubes were successfully prepared via the AAO template method. The Co 3 O 4 nanotubes have an average diameter of 300 nm and thickness of 50 nm which mainly controlled by the pore size of the AAO template. A good specific capacitance of 574 F g −1 was also obtained at a current density of 0.1 A g −1 . However, the high cost of AAO templates limits their large-scale application for the production of well-organized metal oxide nanostructured electrodes.
In addition to the AAO template, carbon-based materials with different structures were also developed to prepare metal oxides. For instance, Du et al. [26] reported that Co 3 O 4 hollow spheres composed of numerous small nanocrystals were prepared via one-pot hydrothermal carbonization and calcination method with carbon spheres as templates. The specific capacitance is 470 F g −1 at a current density of 1 A g −1 , and no obvious capacitance decrease was observed over 1000 cycles of charge and discharge. Moreover, Yao et al. [48] synthesized nanostructured hierarchical mesoporous ribbon-like NiO via a hard-template method combining the calcination process. The mesoporous carbon was used as a hard template to control the structure growth and pore size distribution. A large surface area (147 m 2 g −1 ) and high pore volume (0.2 cm 3 g −1 ) were achieved when the molar ratio of Ni/C was 2/5. Notably, the outstanding pseudocapacitive performance was obtained with a high specific capacitance of 1260 F g −1 at a 1 A g −1 and only 5% deterioration of the initial capacitance after 5000 cycles.
Metal oxide-carbon composite electrodes
Preparing metal oxide-carbon composites is one of the most effective approaches to improve the supercapacitive performance of metal oxide electrodes. In such composite structures, the carbon materials with large specific surface area and high electric conductivity can provide the channels for charge transfer and benefit to the rate capability. Among a series of carbon materials, carbon nanotubes (CNTs), carbon nanofibers (CNFs), graphene and carbon nanofoams have been mostly studied to combine with metal oxide.
Metal oxide-carbon nanotubes (CNTs) composite
CNTs have outstanding pore structure, high electrical conductivity, and good mechanical and thermal stability which make them one of the most widely used carbon materials for supporting metal oxide. [49] synthesized NiO/CNTs nanocomposite via a hydrothermal method and explored the influences of CNT network existing in NiO. Compared to bare NiO, NiO/CNTs nanocomposite electrode exhibited a more rectangular shape in the CV curve and a smaller IR loss indicating a better supercapacitive performance. The specific capacitance increased from 122 to 160 F g −1 at a scan rate of 2 mV s −1 with the presence of 10% CNTs. The optimized properties owe to that CNTs can effectively improve the electrical conductivity of NiO and supply more active sites for redox reaction of NiO by increasing its specific surface area. After that, Lin et al. [50] prepared mesoporous sphere NiO nanostructures dispersing on the surface of CNTs and the maximum specific capacitance of 1329 F g −1 was observed at a very high current density of 84 A g −1 . Gund et al. [51] fabricated highly flexible electrode with NiO/MWCNTs nanohybrid thin films on stainless steel substrate with an excellent specific capacitance of 1727 F g −1 at a current density of 5 mA cm −2 and good stability (91% retention after 2000 cycles).
The advantages of the metal oxide-CNTs composite were further demonstrated. Cheng et al. synthesized nanocomposites of V 2 O 5 nanowires and interpenetrating CNTs via a hydrothermal process. When the nanocomposite contained 33 wt% of the CNTs, the V 2 O 5 -CNTs showed the best specific capacitance of 530 F g −1 which was significantly higher than the V 2 O 5 nanowires (146 F g −1 ). The improved conductivity and the increased specific surface area (from 83 to 125 m 2 g −1 ) were considered to be responsible for the better properties. Moreover, Wang et al. [52] designed a Co 3 O 4 @MWCNT nanocable using multiwall carbon nanotubes (MWCNTs) as the core cable. Compared to the pristine Co 3 O 4 which has a low specific capacitance less than 130 F g −1 , the prepared Co 3 O 4 @MWCNT nanocable exhibits a better performance with a specific capacitance of 590 F g −1 at 15 A g −1 and 510 F g −1 even at 100 A g −1 . Furthermore, many efforts have been made on the preparation of MnO 2 -CNTs nanocomposites in order to improve the supercapacitive performance of MnO 2 . For example, MnO 2 -CNTs composites were prepared through a modified one-pot reaction process by Li and coworkers [53] . This cross-linked MnO 2 nanoflakes-CNTs structure showed a good specific capacitance of 201 F g −1 and remarkable cycle stability (no obvious decay after 10,000 cycles). It has also been reported by Chen et al. [54] that MnO 2 nanoparticles were introduced into the inner wall of CNT channels by a wet-chemistry method. The result of electrochemical tests shows that the composite has a much higher specific capacitance of 225 F g −1 than MnO 2 with a value of 13 F g −1 .
Metal oxide-carbon nanofibers (CNFs) composite
CNFs are very attractive as the support for metal oxides in the composite electrodes due to their conductive networks with appropriate pore channels. Typically the metal oxides are coated on the CNFs surface to form a core-shell structure in which the CNFs can serves as the physical backbone support and offer the channel for efficient electron and ion transportation. Zhi and coworkers [55] reported the synthesis of CNFs/MnO 2 nanocomposite with a coaxial cable structure as shown in Figure 5a . The CNFs with a diameter of 200 nm coated by 4-nm-thick MnO 2 nanowhiskers sheath giving a high specific surface area could be seen in Figure 5b . The nanocomposite electrode showed a good specific capacitance of 311 F g −1 for the whole electrode and 900 F g −1 for the MnO 2 shell at a scan rate of 2 mV s −1 . In addition, Figure 5c and nanosheets. CuO has also been used to fabricate composite with CNFs in order to improve its supercapacitive performance. As reported by Moosavifard [57] , one-dimensional hierarchical hybrid CuO nanorod arrays-CNFs composite has been prepared via a solution method and an annealing treatment. The CuO nanorods with a length of around 300 nm and a diameter of around 15 nm are grown uniformly surrounding the CNFs. It should be noted that empty space existed among adjacent nanorods indicating a hierarchical array structure. The unique nanocomposite structure contributed to a high capacitance of 398 F g −1 .
In addition, carbon fibers can also form a paper. Ghosh et al. [58] prepared carbon nanofiber paper (CFP) with fiber diameters ranging from 100 to 300 nm by electrospinning the polyacrylonitrile (PAN) precursor. The CFP showed good conductivity (0.1 S cm −1 ), high porosity and large surface area of 700 m 2 g −1 indicating its potential to be a promising material for supporting metal oxide. Using this carbon nanofiber paper as substrate, 3-nm-thick V 2 O 5 was obtained by electrodeposition method. The V 2 O 5 -CFP composite exhibited a total specific capacitance of 214 F g −1 . Recently, Yang et al. [59] have reported a CFP/Co 3 O 4 paper electrode with an excellent specific capacitance of 1124 F g −1 at a high current density of 25.34 A g −1 in the NaOH electrolyte. The composite also displayed a remarkable electrochemical stability with around 94.4% retention after 5000 charge-discharge cycles. The outstanding supercapacitive performance was attributed to the unique 1D nanonet structure of the electrodes and the improved electronic conductivity as well as ion diffusion by CFP.
Metal oxide-graphene composite
Since a mechanically exfoliated graphene monolayer was first observed and characterized in 2004, considerable research has been carried out in supercapacitor applications due to its large theoretical specific area (2630 m 2 g −1 ), high electrical conductivity (104 S cm −2 ), abundant raw material resource and good electrochemical stability [60] . Therefore, graphene with these fascinating properties is expected as the potential supporting materials to improve the performance of metal oxide-based supercapacitors. Besides graphene, graphene oxide (GO) and reduced graphene oxide (rGO) have also attracted considerable attention due their unique physical and chemical properties. Until now, various metal oxides such as NiO, MnO 2 , CuO, V 2 O 5 , Co 3 O 4 and TiO 2 have been coupled with graphene materials to form supercapacitor electrodes for superior performance. For example, Ge et al. [61] reported the preparation of 3D flower-like NiO and graphene sheets composite via incorporating a facile hydrothermal process with a thermal treatment process. Recently, the uniform rod-like V 2 O 5 nanocrystals have been fabricated on the surface of reduced graphene oxide (rGO) to form the V 2 O 5 -rGO nanocomposites as the supercapacitor electrode [64] . The V 2 O 5 nanoparticles on rGO were prepared by hydrolysing vanadium oxytripropoxide (VOTP) in ethanol solution with the existence of GO. For a comparative study, the pure V 2 O 5 was also prepared in the same condition but without GO. The results have shown that the electrochemical performance of the V 2 O 5 -rGO nanocomposites with an excellent specific capacitance of 537 F g −1 at a current density of 1 A g −1 was much better than pure V 2 O 5 which had a relatively low value of 202 F g −1 . After 1000 charge-discharge cycles, the composite electrode could retain 84% of its initial capacitance while only 30% was retained for pure V 2 O 5 indicating that V 2 O 5 -rGO nanocomposite electrode had a better electrochemical stability. In addition, the higher power and energy densities were also obtained in the composite. The synergistic effect of V 2 O 5 nanorods and rGO has been considered to be responsible for the better supercapacitive performance. Firstly, the conductivity can be improved due to the presence of rGO. Secondly, the nanocomposites possess a larger surface area (49.16 m 2 g −1 ) than that of pure V 2 O 5 (37.57 m 2 g −1 ). Thirdly, the rGO sheets can inhibit the disintegration of V 2 O 5 and buffer the strain aroused by the volume expansion during the charging and discharging processes. Finally, the strong adhesion between V 2 O 5 nanorods and rGO sheets may facilitate fast electron transfer through the highly conductive rGO sheets. Similarly, Xiang et al. [65] fabricated the rGO-TiO 2 nanobelt composite by a hydrothermal processing in the ethanol solution. When the rGO/TiO 2 mass ratio was 7:3, the composite obtained the best specific capacitance of 200 F g −1 which far exceeded pure TiO 2 nanobelt (17 F g −1 ) and rGO (40 F g −1 ) in the Na 2 SO 4 electrolyte at a scan rate of 2 mV s −1 .
Metal oxide-carbon foams composite
In addition to high specific capacitance, high energy density and power density are also desirable for metal oxide-based supercapacitors. In general, increasing the mass loading can effectively store more energy and power. However, it is a challenge to load a large amount of materials on electrode without undermining the electrochemical performance. One promising approach is to form metal oxide-carbon nanofoams composite as electrodes. Three-dimensional (3D) carbon nanofoams with a through-connected pore network possess large specific surface areas allowing high metal oxide loading. Moreover, the high electric conductivity of carbon nanofoams can improve the electrochemical properties of metal oxide. Chen et al. [66] fabricated nanostructured MnO 2 on CNT foams (or sponges) and the flower-like MnO 2 nanoparticles were uniformly deposited on the skeleton of CNT sponges. An outstanding specific capacitance of 1270 F g −1 close to the theoretical value has been obtained and only 4% of degradation after 10,000 cycles at a charge-discharge current density of 5 A g −1 . Furthermore, the specific power and energy of this composite are high with values of 63 kW kg −1 and 31 Wh kg −1 , respectively. Dong and co-workers deposited Co 3 O 4 nanowires on the 3D graphene foam in [67] . It can be seen in the figure, the graphene skeleton is fully and uniformly covered by the network of Co 3 O 4 nanowires together provide a large accessible surface area. The composite electrode exhibited a high specific capacitance of ∼1100 F g −1 after 500 cycles at a current density of 10 A g −1 and stayed stable afterward indicating a good cycling stability.
Conclusion
This chapter presents a relatively general understanding of the correlation between the composition, microstructure and electrochemical behaviors of metal oxide nanostructuresbased electrodes for the applications of supercapacitors. The current possibility of controlled growth and self-assembly represents an important step toward the design and tuning of metal oxide nanocrystals, and also it will be a significant step to the applications of metal oxides as ideal electrodes in high performance electrochemical energy storage devices.
